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Abstract
The baryon to photon ratio in the present Universe is very accurately measured to be
(6.065 ± 0.090) × 10−10. We study the possible origin of this baryon asymmetry in the neutrino
sector through the generic mechanism of baryogenesis through leptogenesis. We consider both
type I and type II seesaw origin of neutrino masses within the framework of left right symmetric
models (LRSM). Using the latest best fit global neutrino oscillation data of mass squared differ-
ences, mixing angles and Dirac CP phase, we compute the predictions for baryon to photon ratio
keeping the Majorana CP phases as free parameters for two different choices of lightest neutrino
mass eigenvalue for both normal and inverted hierarchical patterns of neutrino masses. We do our
calculation with and without lepton flavor effects being taken into account. We choose different
diagonal Dirac neutrino mass matrix for different flavor effects in such a way that the lightest right
handed neutrino mass is in the appropriate range. We also study the predictions for baryon asym-
metry when the neutrino masses arise from a combination of both type I and type II seesaw (with
dominating type I term) and discriminate between several combinations of Dirac and Majorana
CP phases by demanding successful predictions for baryon asymmetry.
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I. INTRODUCTION
The fact that neutrinos have non-zero but tiny masses [1] compared to other fermions in
the Standard Model have been verified adequately in the recent neutrino oscillation exper-
iments. The relative smallness of three Standard Model neutrino masses can be naturally
explained via seesaw mechanism which can be of three types: type I [2], type II [3] and type
III [4]. All these mechanisms involve the inclusion of additional fermionic or scalar fields to
generate tiny neutrino masses at tree level. Recent neutrino oscillation experiments T2K [5],
Double ChooZ [6], Daya-Bay [7] and RENO [8] have not only made the earlier predictions
for neutrino parameters more precise, but also measured a non-zero value of the reactor
mixing angle θ13. The latest global fit value for 3σ range of neutrino oscillation parameters
[9] are as follows:
∆m221 = (7.00− 8.09)× 10−5 eV2
∆m231 (NH) = (2.27− 2.69)× 10−3 eV2
∆m223 (IH) = (2.24− 2.65)× 10−3 eV2
sin2θ12 = 0.27− 0.34
sin2θ23 = 0.34− 0.67
sin2θ13 = 0.016− 0.030 (1)
Another global fit study [10] reports the 3σ values as
∆m221 = (6.99− 8.18)× 10−5 eV2
∆m231 (NH) = (2.19− 2.62)× 10−3 eV2
∆m223 (IH) = (2.17− 2.61)× 10−3 eV2
sin2θ12 = 0.259− 0.359
sin2θ23 = 0.331− 0.637
sin2θ13 = 0.017− 0.031 (2)
where NH and IH refers to normal and inverted hierarchies respectively. Although the 3σ
range for the Dirac CP phase is 0− 2π, there are two possible best fit values of it found in
the literature: 5π/3 [9] and π [10].
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The above recent data have clear evidence for non-zero θ13, which was earlier considered
to be zero or negligibly small. This has led to a great deal of activities in neutrino model
building [11, 12]. These frameworks which predict non-zero θ13 may also shed light on the
Dirac CP violating phase which is still unknown. Apart from the Dirac CP phase, the
nature of neutrino mass hierarchy is also an important yet unresolved issue. Understanding
the correct nature of hierarchy can also have important relevance in the production of matter
antimatter asymmetry (or baryon asymmetry) in the early Universe. The observed baryon
asymmetry in the Universe is encoded in the baryon to photon ratio measured by dedicated
cosmology experiments like Wilkinson Mass Anisotropy Probe (WMAP), Planck etc. The
baryon to photon ratio in nine year WMAP data [13] is found to be
YB ≃ (6.19± 0.14)× 10−10 (3)
The latest data available from Planck mission constrain the baryon to photon ratio [14] as
YB ≃ (6.065± 0.090)× 10−10 (4)
Leptogenesis is one of the most widely studied mechanism to generate this observed baryon
asymmetry in the Universe by generating an asymmetry in the lepton sector first which is
later converted into baryon asymmetry through electroweak sphaleron transitions [15]. As
pointed out by Fukugita and Yanagida [16], the out of equilibrium and CP violating decay of
heavy Majorana neutrinos provides a natural way to create the required lepton asymmetry.
The novel feature of this mechanism is the way it relates two of the most widely studied
problems in particle physics: the origin of neutrino mass and the origin of matter-antimatter
asymmetry. This idea has been implemented in several interesting models in the literature
[17, 18]. Apart from providing a solution to the matter-antimatter asymmetry problem, the
study of leptogenesis can also put some indirect constraints on the CP phases and neutrino
hierarchies which are yet unsettled at neutrino oscillation experiments.
In view of above, the present work is planned to carry out a study of baryogenesis through
leptogenesis in neutrino mass models with normal and inverted hierarchical neutrino masses
within the framework of generic left-right symmetric models (LRSM) [19]. Such a work
was done recently in [20] where the viability of several scenarios were studied by fitting
their predictions to the best fit neutrino oscillation data in the presence of both type I
and type II seesaw. In this present work, we scan the parameter space of the same sets of
3
models by calculating the baryon asymmetry and comparing with the experimental data.
We first parametrize the neutrino mass matrix using central values of the global fit neutrino
oscillation data. We then keep the Majorana CP phases as free parameters and find out
the allowed ranges for which correct baryon asymmetry can be generated. This calculation
is performed first by considering type I seesaw and taking the Dirac neutrino mass matrix
in a diagonal form. First we choose the Dirac neutrino mass matrix in such a way that
the lightest right handed neutrino mass is M1 > 10
12 GeV so as to ignore the lepton flavor
effects. Keeping in view of the fact that the lepton flavor effects are very important in
leptogenesis as studied initially by the authors in [21] and later explored in great details in
many other works in the literature, we consider the flavor effects in the subsequent analysis.
For that, we choose the Dirac neutrino mass matrix in such a way that the lightest right
handed neutrino mass falls in the range appropriate for the particular flavor effects to be
present.
After calculating baryon asymmetry for type I seesaw case, we then consider the con-
tribution of both type I and type II seesaw terms to the neutrino mass with type I term
dominating and type II term as a small perturbation. The strength of the type II seesaw
term is kept at its minimum for a particular choice of left-right symmetry breaking scale
and the prediction for baryon asymmetry is calculated by varying the Majorana CP phases.
We note from our analysis that certain combinations of CP phases and lightest neutrino
mass eigenvalue are disfavored from the demand of successful thermal leptogenesis. This
can certainly put some indirect bounds on these free parameters which are unconstrained
from present neutrino experiments.
This paper is organized as follows: in section II we discuss the methodology of type I
and type II seesaw mechanism in generic LRSM. In section III, we outline the details of
computing baryon asymmetry in LRSM. In section IV we discuss our numerical analysis
and results and then finally conclude in section V.
II. SEESAW IN LRSM
Type I seesaw framework is the simplest possible seesaw mechanism and can arise in
simple extensions of the standard model by three right handed neutrinos. There is also
another type of non-canonical seesaw (known as type-II seesaw)[3] where a left-handed Higgs
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triplet ∆L picks up a vacuum expectation value (vev). This is possible both in the minimal
extension of the standard model by ∆L or in other well motivated extensions like left-right
symmetric models (LRSM) [19]. The seesaw formula in LRSM can be written as
mLL = m
II
LL +m
I
LL (5)
where the usual type I seesaw formula is given by the expression,
mILL = −mLRM−1RRmTLR. (6)
Here mLR is the Dirac neutrino mass matrix. The above seesaw formula with both type I
and type II contributions can naturally arise in extension of standard model with three right
handed neutrinos and one copy of ∆L. However, we will use this formula in the framework
of LRSM where MRR arises naturally as a result of parity breaking at high energy and
both the type I and type II terms can be written in terms of MRR. In LRSM with Higgs
triplets, MRR can be expressed as MRR = vRfR with vR being the vev of the right handed
triplet Higgs field ∆R imparting Majorana masses to the right-handed neutrinos and fR is
the corresponding Yukawa coupling. The first term mIILL in equation (5) is due to the vev
of SU(2)L Higgs triplet. Thus, m
II
LL = fLvL and MRR = fRvR, where vL,R denote the vev’s
and fL,R are symmetric 3×3 matrices. The left-right symmetry demands fR = fL = f . The
induced vev for the left-handed triplet vL can be shown for generic LRSM to be
vL = γ
M2W
vR
with MW ∼ 80.4 GeV being the weak boson mass such that
|vL| << MW << |vR|
In general γ is a function of various couplings in the scalar potential of generic LRSM and
without any fine tuning γ is expected to be of the order unity (γ ∼ 1). type-II seesaw
formula in equation (5) can now be expressed as
mLL = γ(MW/vR)
2MRR −mLRM−1RRmTLR (7)
With above seesaw formula (7), the neutrino mass matrices are constructed by considering
contributions from both type I and type II terms. The choice of vR however, remains
ambiguous in the literature where different choices of vR are made according to convenience
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[18, 22–25]. However, in this present work we will always take vR as vR = γ
M2
W
vL
≃ γ ×
1015 GeV [18, 25]. It is worth mentioning that, here SU(2)R × U(1)B−L gauge symmetry
breaking scale (as in generic LRSM) vR is the same as the scale of parity breaking [22].
Using this form of vR, the seesaw formula (7) becomes
mLL = γ
(
MW
γ × 1015
)2
MRR −mLRM−1RRmTLR (8)
Quantitatively, either of the two terms on the right hand side of equation (8) can be
dominant or both the terms can be equally dominant. However, for generic choices of
symmetry breaking scales (mentioned above) as well as the Dirac neutrino mass matrices
(generically to be of same order as corresponding charged lepton masses), both type I and
type II term can be equally dominant only when the dimensionless parameter γ is fine tuned
to be very small. We check this by equating both the terms to the best fit value of mLL.
We skip such a fine-tuned case here and consider the case in which type I term dominates
whereas type II term is present as a small perturbation.
In this case, the second term in the equation (8) gives the leading contribution to mLL
and hence we compute the right-handed neutrino mass matrix MRR by using the inverse
type I seesaw formula MRR = m
T
LRm
−1
LLmLR where we use the best fit mLL and generic mLR
as will be shown in the section IV. Here we hold MRR fixed, so the first term in equation
(8) is dependent on the value of γ while second term is fixed. For γ ∼ 1, the first term has
minimum contribution whereas for smaller values of γ, the contribution of the type II term
will increase. We fix the dimensionless parameter γ at 1.0 such that the type II contribution
is minimal. Taking a larger contribution of type II seesaw term will disturb the neutrino
oscillation parameters from their best fit values since we have used the best fit neutrino
parameters for type I seesaw.
III. LEPTOGENESIS IN LRSM
As stressed earlier, leptogenesis is a novel mechanism to account for the baryon asymmetry
of the Universe by creating an asymmetry in the leptonic sector first, which subsequently
gets converted into baryon asymmetry through B + L violating sphaleron processes during
electroweak phase transition. Since quark sector CP violation is not sufficient for producing
the observed baryon asymmetry, a framework explaining non-zero θ13 and leptonic CP phase
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FIG. 1: Right handed neutrino decay
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FIG. 2: Right handed neutrino decay
could not only give a better picture of leptonic flavor structure, but also the origin of matter-
antimatter asymmetry.
In a model with both type I and type II seesaw mechanisms at work, there are two possible
sources of lepton asymmetry: either the CP violating decay of right handed neutrino or that
of scalar triplet. In our work we are considering dominant type I and sub-dominant type
II seesaw which naturally point towards heavier triplet than right handed neutrinos. For
simplicity we consider only the right handed neutrino decay as a source of lepton asymmetry
and neglect the contribution coming from triplet decay. The lepton asymmetry from the
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FIG. 3: Right handed neutrino decay
decay of right handed neutrino into leptons and Higgs scalar is given by
ǫNk =
∑
i
Γ(Nk → Li +H∗)− Γ(Nk → L¯i +H)
Γ(Nk → Li +H∗) + Γ(Nk → L¯i +H)
(9)
In a hierarchical pattern for right handed neutrinos M2,3 ≫ M1, it is sufficient to consider
the lepton asymmetry produced by the decay of the lightest right handed neutrino N1. In
a type I seesaw framework where the particle content is just the standard model with three
additional right handed neutrinos, the lepton asymmetry is generated through the decay
processes shown in figure 1 and 2. In the presence of type II seesaw, N1 can also decay
through a virtual triplet as can be seen in figure 3. Following the notations of [18], the
lepton asymmetry arising from the decay of N1 in the presence of type I seesaw only can be
written as
ǫ =
∑
i
Γ(Nk → Li +H∗)− Γ(Nk → L¯i +H)
Γ(Nk → Li +H∗) + Γ(Nk → L¯i +H)
=
1
8πv2
1
(m†LRmLR)11
∑
j=2,3
Im(m†LRmLR)
2
1jf(M
2
j /M
2
1 ) (10)
where v = 174 GeV is the vev of the Higgs bidoublets responsible for breaking the elec-
troweak symmetry and
f(x) =
√
x
(
1 +
1
1− x − (1 + x)ln
1 + x
x
)
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FIG. 4: Predictions for baryon to photon ratio as a function of the difference in Majorana CP
phases with type I seesaw for inverted hierarchy in the one flavor regime
which can be approximated as f(x) = − 3
2
√
x
for x ≫ 1. After determining the lepton
asymmetry ǫ, the corresponding baryon asymmetry can be obtained by
YB = cκ
ǫ
g∗
(11)
through electroweak sphaleron processes [15]. Here the factor c is measure of the fraction
of lepton asymmetry being converted into baryon asymmetry and is approximately equal to
−0.55. κ is the dilution factor due to wash-out process which erase the produced asymmetry
and can be parametrized as [26]
− κ ≃
√
0.1Kexp[−4/(3(0.1K)0.25)], for K ≥ 106
≃ 0.3
K(lnK)0.6
, for 10 ≤ K ≤ 106
≃ 1
2
√
K2 + 9
, for 0 ≤ K ≤ 10. (12)
9
FIG. 5: Predictions for baryon to photon ratio as a function of the difference in Majorana CP
phases with type I seesaw for normal hierarchy in the one flavor regime
where K is given as
K =
Γ1
H(T = M1)
=
(m†LRmLR)M1
8πv2
MP l
1.66
√
g∗M21
Here Γ1 is the decay width of N1 and H(T = M1) is the Hubble constant at temperature
T = M1. The factor g∗ is the effective number of relativistic degrees of freedom at T = M1
and is approximately 110. It should be noted that the above estimate for baryon asymmetry
is valid only in the absence of wash-out effects responsible for erasing the asymmetry created.
In left right symmetric models, right handed neutrinos also have SU(2)Rgauge interactions
and hence can give rise to sizable wash-out effects. However, as noted in [27] such effects can
be neglected if M1/vR < 10
−2. In the present study, we take vR ∼ 1015 GeV as mentioned
above. As we discuss in details below, the largest possible value of M1 in our study is
approximately 1013 GeV (one flavor regime) which just satisfies the bound M1/vR < 10
−2
10
FIG. 6: Predictions for baryon to photon ratio as a function of the difference in Majorana CP
phases with type I+II seesaw for inverted hierarchy in the one flavor regime
so as to neglect the wash-out effects arising from SU(2)R gauge interactions. We also ignore
the asymmetry that can be produced by the decay of the heavy Higgs triplets and consider
only the right handed neutrino decay as the primary source of lepton asymmetry.
We note that the lepton asymmetry shown in equation (10) is obtained by summing
over all the flavors α = e, µ, τ . A non-vanishing lepton asymmetry is generated only when
the right handed neutrino decay is out of equilibrium. Otherwise both the forward and
the backward processes will happen at the same rate resulting in a vanishing asymmetry.
Departure from equilibrium can be estimated by comparing the interaction rate with the
expansion rate of the Universe. At very high temperatures (T ≥ 1012GeV) all charged lepton
flavors are out of equilibrium and hence all of them behave similarly resulting in the one
flavor regime. However at temperatures T < 1012 GeV (T < 109GeV), interactions involving
tau (muon) Yukawa couplings enter equilibrium and flavor effects become important [21].
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FIG. 7: Predictions for baryon to photon ratio as a function of the difference in Majorana CP
phases with type I+II seesaw for normal hierarchy in the one flavor regime
Taking these flavor effects into account, the final baryon asymmetry is given by
Y 2flavorB =
−12
37g∗
[ǫ2η
(
417
589
m˜2
)
+ ǫτ1η
(
390
589
m˜τ
)
]
Y 3flavorB =
−12
37g∗
[ǫeη
(
151
179
m˜e
)
+ ǫµ1η
(
344
537
m˜µ
)
+ ǫτ1η
(
344
537
m˜τ
)
]
where ǫ2 = ǫ
e
1 + ǫ
µ
1 , m˜2 = m˜e + m˜µ, m˜α =
(m∗
LR
)α1(mLR)α1
M1
and the factor g∗ is the effective
number of relativistic degrees of freedom at T =M1 and is approximately 110. The function
η is given by
η(m˜α) =
[(
m˜α
8.25× 10−3eV
)−1
+
(
0.2× 10−3eV
m˜α
)−1.16]−1
In the presence of an additional scalar triplet, the right handed neutrino can also decay
through a virtual triplet as shown in figure 3. The contribution of this diagram to lepton
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FIG. 8: Predictions for baryon to photon ratio as a function of the difference in Majorana CP
phases with type I seesaw for inverted hierarchy in the two flavor regime
asymmetry can be estimated as [28]
ǫα∆1 = −
M1
8πv2
∑
j=2,3 Im[(mLR)1j(mLR)1α(M
II∗
ν )jα]∑
j=2,3|(mLR)1j |2
(13)
where M1 ≪ M∆ is assumed which is natural in a model with dominant type I and sub-
dominant type II seesaw mechanisms.
For the calculation of baryon asymmetry, we go to the basis where the right handed
Majorana neutrino mass matrix is diagonal
U∗RMRRU
†
R = diag(M1,M2,M3) (14)
In this diagonal MRR basis, the Dirac neutrino mass matrix also changes to
mLR = m
d
LRUR (15)
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FIG. 9: Predictions for baryon to photon ratio as a function of the difference in Majorana CP
phases with type I seesaw for normal hierarchy in the two flavor regime
where mdLR is the assumed choice of the Dirac neutrino mass matrix in our calculation given
by
mLR =


λm 0 0
0 λn 0
0 0 1

mf (16)
where λ = 0.22 is the standard Wolfenstein parameter and (m,n) are positive integers.
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FIG. 10: Predictions for baryon to photon ratio as a function of the difference in Majorana CP
phases with type I+II seesaw for inverted hierarchy in the two flavor regime
IV. NUMERICAL ANALYSIS AND RESULTS
For the purpose of numerical analysis we parametrize the neutrino mixing matrix as
UL =


c12c13 s12c13 s13e
−iδ
−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

diag(1, eiα, ei(β+δ)) (17)
where cij = cos θij , sij = sin θij . δ is the Dirac CP phase and α, β are the Majorana phases.
Since we know only the two mass squared differences for the active neutrinos, we consider
the lightest mass eigenvalue as free parameter allowing it to take two possible values. One
such value is the maximum allowed by the Planck bound [14] on the sum of absolute neutrino
masses
∑
i |mi| < 0.23 eV and other value is 0.001 eV. We take the best fit central values of
the mixing angles and take two possible best fit values of the Dirac CP phase: 5π/3 [9] and
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FIG. 11: Predictions for baryon to photon ratio as a function of the difference in Majorana CP
phases with type I+II seesaw for normal hierarchy in the two flavor regime
π [10].
After parameterizing the neutrino mass matrix using oscillation data, we consider type I
dominance and calculate the right-handed Majorana neutrino matrixMRR using the inverse
type I seesaw formula
MRR = m
T
LRm
−1
LLmLR (18)
To calculate the MRR for each case, we need to have the Dirac neutrino mass matrix (mLR).
We take the Dirac neutrino mass matrix mLR to be diagonal of the form (16). Now, using
mLR in the inverse type I seesaw formula above, we calculate MRR. We then diagonalize
MRR as shown in (14) for the calculation of baryon asymmetry. The diagonalizing matrix of
MRR effectively makes mLR non-diagonal as can be seen from (15). Thus, we are studying
a model with diagonal MRR and non-diagonal mLR. This kind of specific Yukawa structure
can be naturally explained by using additional flavor symmetries, either global or gauged.
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FIG. 12: Predictions for baryon to photon ratio as a function of the difference in Majorana CP
phases with type I seesaw for inverted hierarchy in the three flavor regime
A possible abelian gauge symmetry that can constrain the Dirac neutrino mass matrix to
the diagonal form was outlined recently in one of our works (first reference in [20]). Similar
approach can be followed to constrain the right handed neutrino mass matrix to the diagonal
form while keeping the Dirac neutrino mass matrix in its general non-diagonal form.
After calculating MRR, we calculate the predictions for baryon asymmetry by varying
the Majorana CP phases for both normal and inverted hierarchies as well as two choices
of Dirac CP phases. Since the calculations for baryon asymmetry are different for different
temperature regimes (due to flavor effects), we discuss all the three regimes separately.
A. One Flavor Regime T > 1012 GeV
If thermal leptogenesis occur at very high temperature T > 1012 GeV, the mass of
the lightest right handed neutrino responsible for producing the lepton asymmetry is also
as heavy as the temperature scale. Now, from the inverse type I seesaw formula (18),
the mass of the lightest right handed neutrino depends on the Dirac neutrino mass ma-
trix mLR for a given light neutrino mass matrix mLL. The light neutrino mass matrix
mLL can be constructed by taking the best fit values of oscillation parameters in neu-
trino mixing matrix (17) and choosing the lightest mass eigenstate value. For normal
hierarchy, the diagonal mass matrix of the light neutrinos can be written as mdiag =
diag(m1,
√
m21 +∆m
2
21,
√
m21 +∆m
2
31) whereas for inverted hierarchy it can be written as
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FIG. 13: Predictions for baryon to photon ratio as a function of the difference in Majorana CP
phases with type I seesaw for normal hierarchy in the three flavor regime
mdiag = diag(
√
m23 +∆m
2
23 −∆m221,
√
m23 +∆m
2
23, m3). The smallest light neutrino mass is
chosen in such a way to obey the cosmological upper bound on the sum of absolute neutrino
masses
∑
i |mi| < 0.23 eV [14] reported by the Planck collaboration recently. We choose two
possible values of the lightest mass eigenstate m1, m3 for normal and inverted hierarchies
respectively. First we choose mlightest as large as possible such that the sum of the absolute
neutrino masses fall just below the cosmological upper bound. For normal and inverted
hierarchies, this turns out to be 0.07 eV and 0.065 eV respectively. Then we allow moderate
hierarchy to exist between the mass eigenvalues and choose the lightest mass eigenvalue to
be 0.001 eV to study the possible changes in our analysis and results.
To keep the lightest right handed neutrino mass in this one flavor regime, we need to
choose the Dirac neutrino mass matrix with appropriate diagonal entries. We take the same
value of lightest active neutrino mass as considered before, and vary (m,n) of mLR given
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FIG. 14: Predictions for baryon to photon ratio as a function of the difference in Majorana CP
phases with type I+II seesaw for inverted hierarchy in the three flavor regime
in equation (16) to calculate the right handed neutrino masses. We take mf = 82.43 GeV
and find that the choice (m,n) = (1, 1) keeps the lightest right handed neutrino in the
regime M1 > 10
12 GeV. We first show our type I seesaw results for baryon asymmetry YB
with respect to the difference in the Majorana CP phases α − β for inverted and normal
hierarchies in figure 4 and 5 respectively. We include both choices of Dirac CP phases
5π/3, π found in global fit data as well as both choices of lightest neutrino mass eigenstate
as mentioned above. We then introduce the type II seesaw term as a small perturbation and
show the results for baryon asymmetry for the same choices of Dirac CP phase and lightest
mass eigenstate (as above) in figure 6 and 7. It is to be noted that, here we have taken
γ = 1 in the neutrino mass formula (8) which corresponds, in our notation, to the smallest
contribution of type II seesaw term.
B. Two Flavor Regime 109 GeV < T < 1012 GeV
We again vary (m,n) for a given mLL and find that for (m,n) = (3, 1), the lightest
right handed neutrino mass is in the range 109 GeVM1 < 10
12 GeV which corresponds
to the two flavor regime of leptogenesis as discussed in the previous section. The results
for baryon asymmetry as a function of Majorana CP phase difference α − β are shown
in figure 8 and 9 by taking into account of type I seesaw. It can be seen from figure 8
and 9 that for quasi-degenerate type of neutrino mass spectra with lightest mass eigenstate
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FIG. 15: Predictions for baryon to photon ratio as a function of the difference in Majorana CP
phases with type I+II seesaw for normal hierarchy in the three flavor regime
0.065 eV(IH), 0.07 eV(NH) eV, the calculated baryon asymmetry falls short of the observed
data. For a hierarchical light neutrino mass spectra with lightest mass eigenstate 0.001
eV, the observed baryon asymmetry can be reproduced in the model for both normal and
inverted hierarchies. We then introduce type II seesaw as a small perturbation and find
that the observed baryon asymmetry can be reproduced for both hierarchical and quasi-
degenerate light neutrino mass spectra. The results can be seen in figure 10 and 11.
C. Three Flavor Regime T < 109 GeV
To keep the lightest right handed neutrino mass below 109 GeV, we take (m,n) as (5, 3)
in the Dirac neutrino mass matrix (16). The calculated baryon asymmetry is shown as a
function of Majorana CP phase difference α − β in figure 12 and 13 for type I seesaw. It
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can be seen that the parameter space giving rise to observed baryon asymmetry decreases
significantly as we go from one flavor to three flavor regime. We do not find any parameter
space giving rise to observed baryon asymmetry for hierarchical light neutrino masses of
inverted type with lightest mass eigenvalue 0.001 eV. As the lightest neutrino mass eigenvalue
is increased to 0.065 eV, a small parameter space can be found giving rise to correct baryon
asymmetry as seen from figure 12. For normal hierarchy on the other hand, we find parameter
space (as seen in figure 13) for both choices of lightest neutrino mass 0.001, 0.07 eV as well
as Dirac CP phases 5π/3, π. The introduction of type II seesaw term as a perturbation does
not alter the parameter space giving rise to correct baryon asymmetry as seen from figure
14 and 15.
V. RESULTS AND CONCLUSION
We have studied the possibility of producing the observed baryon asymmetry in the
Universe within the framework of generic left-right symmetric models by considering both
hierarchical and quasi-degenerate type light neutrino mass spectra and two different Dirac
CP phases (180o, 300o) found in best-fit global neutrino oscillation data in the literature.
In generic LRSM, neutrino mass can get contributions from both type I as well as type II
seesaw terms. We first consider only type I seesaw and then consider a case in which type
I seesaw dominates and type II seesaw exists as a small perturbation. We use the generic
parametrization of neutrino mixing matrix and find the numerical value of these parameters
using the global fit neutrino oscillation data. The Majorana CP phases which are currently
unconstrained from experimental data, are considered as free parameters. For the type I
seesaw case, we then compute the predictions for baryon to photon ratio as a function of
the Majorana CP phases. We then keep the type I seesaw term as the dominant one and
introduce the type II seesaw term as a perturbation, the strength of which can be chosen
by varying value of the dimensionless parameter γ. For simplicity, we chooseγ = 1 which
corresponds to the minimum contribution of type II seesaw. We then calculate the baryon
asymmetry by taking both type I and type II seesaw contribution for both choices of lightest
neutrino mass eigenvalue and Dirac CP phase. Our main conclusions can be summarized as
follows:
• For single flavor scenario that is T > 1012 GeV, observed baryon asymmetry can be
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successfully reproduced for both inverted and normal hierarchies and all the choices
of lightest neutrino mass eigenvalue and Dirac CP phase. Introducing type II seesaw
as a small perturbation do not alter the type I seesaw results substantially.
• For two flavor scenario 109 GeV < T < 1012 GeV, observed baryon asymmetry can
not be produced within type I seesaw framework if the light neutrino mass hierar-
chy is very mild or quasi-degenerate type with the lightest mass eigenstate being
0.065 eV(IH), 0.07 eV(NH). For a hierarchical light neutrino mass spectra with the
lightest neutrino mass 0.001 eV, both normal and inverted hierarchies as well as both
the choices of Dirac CP phase can give rise to the correct baryon to photon ratio.
• Introducing type II seesaw term as a small perturbation can however, reproduce suc-
cessful baryon asymmetry in the two flavor regime for both choices of lightest neutrino
mass eigenstate as well as Dirac CP phases unlike with type I seesaw alone as men-
tioned above.
• The parameter space allowing successful leptogenesis in agreement with observation
decreases as we go into the three flavor regime T < 109 GeV. For inverted hierarchy
with lightest mass eigenstate 0.001 eV, we do not get any parameter space giving rise
to the observed baryon asymmetry both with type I as well as a combination of type
I and type II seesaw. Thus, three flavor regime with inverted hierarchy prefers a very
mild hierarchy between light neutrino mass eigenvalues.
• For normal hierarchy in three flavor regime, both choices of lightest mass eigenvalue
and Dirac CP phases can give rise to correct baryon asymmetry with more parameter
space for larger value of lightest neutrino mass. Also, the parameter space for type I
seesaw does not get altered significantly after the introduction of type II seesaw term
for both normal and inverted hierarchies.
• For all the flavor regimes, we not only put indirect limits on CP phases and lightest
neutrino mass eigenvalue but also constrain the Dirac neutrino mass matrix.
In view of above, the neutrino mass models considered in our study can survive in nature
and produce the observed baryon asymmetry within the framework of type I and type II
seesaw mechanism with type I seesaw as the dominating one. For both type I and type II
22
seesaw cases, we can discriminate between possible values of Dirac CP phases, Majorana
CP phases as well the patterns of neutrino masses: mild and sizable hierarchies. We have
observed that depending on the neutrino hierarchy as well as lightest mass eigenvalue, certain
combinations of Dirac and Majorana CP phases are disfavored from successful leptogenesis
point of view. Therefore, our results can put certain indirect limits on the values of CP
phases which are currently unconstrained from neutrino oscillation experiments. Future
determination of CP phases in neutrino experiments should be able to verify or falsify some
of the scenarios we have discussed in this work.
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